models show that the highest rates implied by thermal models (~≥10 -2 km 3 /yr) are unlikely to sustain large magma bodies in the upper crust because associated overpressure would trigger eruptions before large amounts of magma can accumulate 31 (the "room" problem). In order to generate large, crustal-scale magmatic columns without losing too much mass to volcanic output, magma emplacement must be prolonged at relatively low intrusion rates 31 .
Modelling of magma intrusions at crustal-scale
A fundamental aspect of upper crustal magma storage that has not been considered in previous thermal models 23, 26, 29 is the presence of lower crustal magma reservoirs.
Petrological and geophysical evidence supports large accumulations of magma in the lower crust of many volcanic regions [32] [33] [34] [35] [36] , which can be active for millions of years 27,37,38 .
However, the effect of these lower crustal magma reservoirs on the upper crustal thermal structure has not been systematically quantified (see, however, Extended Data and footprints (areas through which dykes/sills are injected) of >10 2 -10 3 km 2 . We focus on a two-dimensional generic crustal column (~30 km thick) and its underlying mantle ( Fig. 1 , and see Methods). In order to quantify the thermal evolution of the entire magmatic province over geological timescales (10 5 -10 6 yr), the simulations are run in two stages:
• Stage I. Emplacement of basaltic magma (~≥10 -2 km 3 /yr) in the lower crust over relatively long timescales (>10 6 yr), as inferred in many continental settings 25,38,41,42 .
• Stage II. Emplacement of intermediate magma in the upper crust in both small (~10 2 km 2 footprint) and large systems (~10 3 km 2 footprint). Simulation duration is set between 10 5 and 10 6 yr, depending on the magma flux. In this stage, we use the upper crustal thermal structure determined from stage I as the new initial condition.
In stage I, basaltic dikes and sills are incrementally emplaced in the lower crust (see Methods for geometry and compositions used). This leads to a significant temperature increase within the whole crust after ~3-4 Myr of intrusions (Fig. 2) , and a lower crustal mush zone forms that is comparable in size to field 36 and seismic 32, 34 estimates in magmatic provinces (e.g., ~45 km width at Yellowstone Caldera, ref. In stage II, we quantify the generation and storage of upper crustal magma bodies using three different initial upper crustal thermal profiles: 1) without a lower crustal heating source, referred to as the 'undisturbed geotherm' (Fig 2c) , 2) after the lower crustal mush has grown for 1 Myr, referred to as 'thermally juvenile' upper crust, and 3)
after the lower crustal mush has grown for 4 Myr, referred to as 'thermally mature' upper crust (Fig 2b, d) . We vary the upper crustal magma flux between 10 -6 and 10 
Longevity and size of upper crustal magma systems
The presence of a lower crustal mush system strongly impacts the generation and storage conditions of upper crustal magma reservoirs. When using an undisturbed geotherm (i.e., absence of a lower crustal mush), we find that the critical upper crustal magma flux (minimum flux necessary to keep the system above solidus) is >10 
Thermal maturation of the upper crust
The remarkable similarity between erupted fluxes calculated for "flare-up" regions 27 (characterized by a series of caldera-forming eruptions clustered in time that evacuate >10 4 km 3 of silicic magma) and average rates of typical arc volcanoes 25, 45 suggests that, rather than rates alone, the duration of magma intrusion in the upper crust plays a dominant role in the size of magma reservoirs, and ultimately in the volume of erupted material (Figs. 3b, 4 • Between these extremes, the remaining range of volcanic and plutonic lithologies can be formed (Fig. 4) .
Our unified framework for crustal-scale magmatic systems helps provide a sharper understanding of the differentiation and growth of the continental crust, the volcanic-plutonic connection, and the volume and lifetime of magma plumbing systems that pose significant volcanic hazards. 
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METHODS
We have adapted a two-dimensional thermal model 40,52 using a fully implicit finite volume scheme 53 to assess the thermal evolution of the crust that is subjected to incremental dike and sill intrusions. To investigate the entire crustal section, we simulate a domain that is 80 kilometers wide and 60 kilometers deep, with 40 meters resolution in both directions (Fig. 1) .
Initially, we identify a geotherm with radiogenic heating contribution that exponentially decays 
where, T is temperature, k is heat conduction, ρ is density, H 0 is the radiogenic heat production (8x10 -10 W/kg, constrained by refs. 57,58), and L is the characteristic depth for radiogenic element concentration decay (12 km, comparable to refs. 59,60). We assume that the uppermost 30 kilometers of the computational domain represents the initial crustal thickness and thickens up to 32 to 36 km in time depending on the magma flux. This crustal thickness is within the range of crustal thickness estimates from several volcanic regions 61 . Basaltic dikes and sills are emplaced in the lower crust for >10 6 yr in the lower crust. This configuration allows us to determine the thermal structure of the crust after long-term magma intrusions. From these temperature profiles, we define the thermal maturation time for the upper crust at different lower crustal magma fluxes. We find that for an intrusion rate of ~10 -2 km 3 /yr, the thermal maturation years. We note that using the profile of other lower crustal fluxes will change the thermal maturation time, but the general trends presented in this study will be preserved. We then use the thermal structure defined at 4 Myr (with basalt intrusion rate of ~10 -2 km 3 /yr) as an initial condition for the upper crust, and intrude dikes and sills of intermediate composition in the upper crust between 5 and 15 km for >10 5 -10 6 yr. We assume constant temperature boundary conditions for the computational domain in both stages. We also assume that dikes and sills are emplaced in the crust at their liquidus temperatures.
Incremental emplacement of dikes and sills is assumed to be a stochastic process as location. The only parameter that is kept constant is the width of intrusions, which are comparable to dike thicknesses observed in nature 63 . As the thermal evolution of the crust is controlled by the heat input (average magma flux) rather than the individual dimensions, our choice of intrusion widths have negligible effects on the overall characteristics of the results as shown in our previous studies 40 . The lower crustal dikes are randomly emplaced in the crust across the crust-mantle boundary, and the upper crustal dikes are randomly emplaced above 15 km depth. Following other thermal models, dike and sill emplacement is considered to be instantaneous relative to the cooling timescale. At each emplacement, mass is conserved by laterally moving the crust on both sides of the dike by a length that is equal to the half-width of the dike. Emplacement of sills is accommodated by subsiding the crustal material downward by the sill thickness.
Energy transported by emplaced dikes and sills diffuses in the surrounding crust that is colder.
We simulate this by solving the conservation of enthalpy H:
where the first term is the time variation of the enthalpy, the second term is the advection term, and the last term denotes the heat loss by conduction. The enthalpy is partitioned into sensible heat and latent heat as follows
where the first term on the right hand side is the sensible heat and the second term describes the latent heat contribution to enthalpy change. We choose a latent heat value (L) of 4 x 10 5 J for the crystallizing magma. f is the melt fraction and its evolution over time is determined by the temperature and thus we can write 
under-relaxation to ensure numerical stability.
In order to focus on the entire crustal section, we neglect smaller-scale processes such as melt/gas extraction and thermo-mechanical feedbacks between the crust and the magma body during recharge 46, 68 . We assume that the heat transfer is conductive and neglect the effects of shallow level hydrothermal circulation and internal magma chamber convection. In the upper crust, convecting hydrothermal fluids could potentially increase the rate of cooling and hence would require higher magma inputs to maintain magma bodies alive for the same duration.
However, this effect will not be significant. The amount of heat that can be transferred from the magma reservoir to the surrounding host rock will be dominantly controlled by a conductive thermal boundary layer, containing insulating, warm wall rock, hence limiting the effect of internal convection and hydrothermal cooling 69 (Biot number <<1). Moreover, even assuming that convective hydrothermal cooling is efficient, it would not change the main conclusions of our work; the absolute numbers for fluxes that we find may be underestimated, but the influence of the lower crustal heating on the thermal maturation, and our comparison with other models (which also do not consider hydrothermal cooling) would stand.
We consider the long-term average magma flux and use average estimates for the geotherm, heat flux, and crustal thickness, although we acknowledge that these fluxes can vary over the lifetime of a magmatic province 70 . The characteristic thermal maturation timescales for a range of magma fluxes in stage I are given in Fig. 2b . In the present model, we use results of a 
